Sustainable feedstock harvest strategies are needed to ensure bioenergy production does not irreversibly degrade soil resources. The objective for this study was to document corn (Zea mays L.) grain and stover fraction yields, plant nutrient removal and replacement costs, feedstock quality, soil-test changes, and soil quality indicator response to four stover harvest strategies for continuous corn and a corn-soybean [Glycine max. (L.) Merr.] rotation. The treatments included collecting (1) all standing plant material above a stubble height of 10 cm (whole plant), (2) the upper-half by height (ear shank upward), (3) the lower-half by height (from the 10 cm stubble height to just below the earshank), or (4) (2005, 2007, and 2009). Compared to harvesting only the grain, collecting stover increased the average N-P-K removal by 29, 3 and 34 kg ha −1 for continuous corn and 42, 3, and 34 kg ha −1 for rotated corn, respectively. Harvesting the lower-half of the corn plant (Treatment 3) required two passes, resulted in frequent plugging of the combine, and provided a feedstock with low quality for conversion to biofuel. Therefore, Treatment 3 was replaced by a "cobs-only" harvest starting in 2009. Structural sugars glucan and xylan accounted for up to 60% of the chemical composition, while galactan, arabinan, and mannose constituted less than 5% of the harvest fractions collected from 2005 through 2008. Soil-test data from samples collected after the first harvest (2005) revealed low to very low plant-available P and K levels which reduced soybean yield in 2006 after harvesting the whole-plant in 2005. Average continuous corn yields were 21% lower than rotated yields with no significant differences due to stover harvest. Rotated corn yields in 2009 showed some significant differences, presumably because soil-test P was again in the low range. A soil quality analysis using the Soil Management Assessment Framework (SMAF) with six indicators showed that soils at the continuous corn and rotated sites were functioning at an average of 93 and 83% of their inherent potential, respectively. With good crop management practices, including routine soil-testing, adequate fertilization, maintenance of soil organic matter, sustained soil structure, and prevention of wind, water or tillage erosion, a portion of the corn stover being produced in central Iowa, USA can be harvested in a sustainable manner.
Introduction
Current U.S. biofuel production is dominated by ethanol made from corn grain or biodiesel made predominantly from soybean oil. On an energy equivalent basis (Btu), corn grain ethanol and soybean biodiesel accounted for 2.1% of the total U.S. liquid transportation fuel in 2007 (EIA, 2007) . However, the social, economic, and environmental effects of domestic biofuels have been mixed. Diverting corn, soybean oil, or other food crops to biofuel production has been implicated for inducing competition between food, feed, and fuel, but increases in crop price have also helped revive rural economies (Parcell and Westhoff, 2006) . From the perspective of farmers and small rural communities, development of ethanol plants created greater local demand for commodity crops and higher prices for corn and soybean. Local investment and control of ethanol and biodiesel plants has reinvigorated many small Midwestern communities by providing well-paying employment opportunities, but some argue that the number of jobs added to the local economy is overestimated (Low and Isserman, 2009) .
Cellulosic biomass, as a biofuel feedstock, has numerous advantages over corn, soybean, and other grains, including its availability from sources that do not compete with food and feed production. Biomass can be reclaimed from municipal solid waste streams and from residual products of certain forestry and farming operations. It can also be grown on idle or abandoned cropland thus minimizing competition with food, feed and fiber production. Single-pass stover harvest system Biofuel feedstock Nutrient removal Sustainability Soil Management Assessment Framework (SMAF) Renewable energy assessment project (REAP) A B S T R A C T Sustainable feedstock harvest strategies are needed to ensure bioenergy production does not irreversibly degrade soil resources. The objective for this study was to document corn (Zea mays L.) grain and stover fraction yields, plant nutrient removal and replacement costs, feedstock quality, soil-test changes, and soil quality indicator response to four stover harvest strategies for continuous corn and a corn-soybean [Glycine max. (L.) Merr.] rotation. The treatments included collecting (1) all standing plant material above a stubble height of 10 cm (whole plant), (2) the upper-half by height (ear shank upward), (3) the lowerhalf by height (from the 10 cm stubble height to just below the earshank), or (4) no removal. Collectable biomass from Treatment 2 averaged 3.9 (AE0.8) Mg ha Soil-test data from samples collected after the first harvest (2005) revealed low to very low plant-available P and K levels which reduced soybean yield in 2006 after harvesting the whole-plant in 2005. Average continuous corn yields were 21% lower than rotated yields with no significant differences due to stover harvest. Rotated corn yields in 2009 showed some significant differences, presumably because soil-test P was again in the low range. A soil quality analysis using the Soil Management Assessment Framework (SMAF) with six indicators showed that soils at the continuous corn and rotated sites were functioning at an average of 93 and 83% of their inherent potential, respectively. With good crop management practices, including routine soil-testing, adequate fertilization, maintenance of soil organic matter, sustained soil structure, and prevention of wind, water or tillage erosion, a portion of the corn stover being produced in central Iowa, USA can be harvested in a sustainable manner. ß 2011 Elsevier B.V. All rights reserved.
Plant biomass has the potential to play an important role in the global energy future because it can be grown in a sustainable manner and converted into liquid transportation fuels using biochemical, thermochemical or catalytic conversion processes. Biofuels made from renewable feedstocks are an attractive alternative to gasoline because they can decrease the net release of greenhouse gases (GHG) from the transportation sector. Corn stover, the aboveground material left in fields after corn grain harvest, was identified as a primary biomass source in the Billion Ton Report (Perlack et al., 2005) . This raised concern among many soil scientists because harvesting crop residues for biofuel feedstock or any other purpose will decrease annual carbon input and may gradually diminish soil organic carbon (SOC) to a level that threatens the soil's production capacity (Johnson et al., 2006) . Concerns were accentuated knowing that for many soils artificial drainage, intensive annual tillage, and less diverse plant communities have already reduced SOC by 30-50% when compared to precultivation levels (Schlesinger, 1985) . Returning a portion of crop residues to replenish SOC was deemed essential for sustainability (Lal, 2004a,b; Wilhelm et al., 2007) .
Harvesting corn stover as a feedstock for biofuel production could have many benefits, if the process is developed as a complete system that considers all ecosystem services provided by crop residues (Larson, 1979; Karlen et al., 1984; Wilhelm et al., 2010) . This includes conserving soil water, reducing surface runoff and evaporation, increasing infiltration rates, controlling soil erosion, recycling plant nutrients, providing habitat and energy for earthworms and other soil macro-and micro-organisms, improving water quality by denaturing and filtering of pollutants, improving soil structure, preserving native habitats, and maintaining biodiversity. Crop residues also help reduce non-point source pollution, decrease sedimentation, minimize risks of anoxia and dead zones in coastal ecosystems, increase agronomic productivity, advance food security, and mitigate flooding by holding water on the land rather than allowing it to run off into streams and rivers (Kimble et al., 2007) .
One of the first steps in developing sustainable feedstock harvest programs is to understand the soil resource where the action will be carried out. This is especially true with respect to carbon cycling, since SOC is at least partially responsible for many qualities of productive soils (Kay, 1998; Doran et al., 1998; Doran, 2002; Janzen et al., 1998; Lal et al., 1990; Tisdall and Oades, 1982) . Larson et al. (1972) showed that SOC was linearly related to the quantity of residue added, but establishing a direct linkage between stover harvest and subsequent grain yield is difficult. Some studies have shown that residue removal reduces grain and stover yield in subsequent crops (Wilhelm et al., 1986) and further lowers SOC levels (Clapp et al., 2000; Maskina et al., 1993) , but others have shown either no effect or even increases in subsequent grain yields (Karlen et al., 2011 ). Lal (2004a and Wilhelm et al. (2004 Wilhelm et al. ( , 2007 concluded that returning a portion of the crop residue to soils was crucial for replenishing SOC and that doing so was a fundamental requirement for sustainable soil and crop management.
Soil quality assessment, using tools such as the Soil Management Assessment Framework (SMAF) developed by Andrews et al. (2004) , is one approach for evaluating stover harvest effects (Karlen et al., 2011) . The SMAF is a useful tool because it is sensitive to various soil quality indicators including SOC and nutrient cycling as well as to crop management practices such as tillage, rotation, or N fertilization (Karlen et al., 2006; Wienhold et al., 2006; Zobeck et al., 2008) .
Based on studies by Johnson et al. (2006 Johnson et al. ( , 2007 Johnson et al. ( , 2009 , an approach for balancing the use of crop residues as a feedstock for biofuel or other bioproducts with the need for their ecosystem services is to increase stover yields so that a minimum of 2.2-4.5 Mg ha À1 of stover can be collected while still retaining enough crop residue to sustain the soil resource. Technologies such as sitespecific management of fertilizer and pesticide inputs (Giles and Slaughter, 1997; Tian et al., 1999; Ferguson et al., 2002; Khosla et al., 2002; Robert, 2002) , drain tiles and terraces (Zhang et al., 2002) , in-field targeting to address variable source contaminates, field-edge and landscape-scale conservation practices (Berry et al., 2003) , rotations and tillage practices within individual fields (Kitchen et al., 2005) , and water quality monitoring across watersheds and eco-regions (Hatch et al., 2001 ) will help achieve those goals. Soil resource management must focus on producing what is needed to make more complex agricultural systems work rather than simply taking what is easily available.
Prior experience with site-specific soil and crop management led to the vision for a single-pass corn harvesting system that would enable producers to harvest grain and stover simultaneously. Properly designed, the machine could harvest corn stover at different rates depending upon landscape position or other factors. By understanding the entire agricultural production system, landuse decisions could be made so that it would be feasible to harvest feedstock for biofuel production without having a long-term negative impact on soil resources.
The objective for this study was to document corn (Zea mays L.) grain and stover fraction yields, plant nutrient removal and replacement costs, feedstock quality for subsequent biochemical conversion of the stover to ethanol or other advanced biofuels, soiltest changes, and soil quality indicator response to four stover harvest strategies for continuous corn and a corn-soybean rotation.
Methods and materials

Site selection and general management practices
This study was initiated in the autumn of 2005 in response to a U.S. Department of Energy (DOE) Office of Biomass Programs request for help in determining the feasibility of achieving Billion Ton Report (Perlack et al., 2005) goals. A pilot project (Hoskinson et al., 2007) was conducted and continued for an additional four years. Since the request did not occur until the latter part of the 2005 growing season in U.S. Corn/Soybean Belt, the two fields selected for this study had simply been scheduled for ''bulk'' crop production. Similar soil and crop management practices were continued through 2009 as documented in Table 1 .
Stover harvest strategies
Corn stover harvest treatments were imposed on 12-row (76 cm row spacing) wide plots with a commercial scale John Deere 1 combine. The treatments were designed to collect (1) all standing plant material (whole plant), (2) the upper-half of the plant (by height) which included cobs, sheath, stalk, and leaves, (3) the lower-half (by height) which was primarily stalk with a few leaves, or (4) no removal. Harvest treatments were accomplished using a row-crop header that harvested six rows with each pass.
Stalks were cut at a height of approximately 10 cm for Treatment 1 and just below the ear shank for Treatment 2. Treatment 3 required two passes, the first to collect grain and return the material other than grain (MOG) from the ear shank upward to the soil, and then a second pass to cut the lower portion of the corn plants at a stubble height of approximately 10 cm. Starting in 2009, Treatment 3 was changed to a ''cobs only'' treatment because that plant fraction provided a better potential feedstock than the lower half of the plant. For the no-removal plots (Treatment 4), a conventional corn head was used so that only the ear, sheath, and a few vegetative plant parts passed through the combine. Each treatment was replicated three times for a continuous corn and corn-soybean cropping system. Plot length was approximately 500 m at the continuous corn site and approximately 900 m at the rotated site.
No crop residue was removed following soybean at the rotated site.
Soil sampling, analyses, and fertilizer recommendations
After the 2005, 2007, and 2009 harvests, composite soil samples were collected to a depth of 15 cm from each plot. The samples were weighed, mixed by hand, and a sub-sample (100 g) was removed and dried at 104 8C to determine soil water content. The field-moist weight was adjusted to a dry weight and divided by the volume represented by the composite sample to provide an estimate of field bulk density (BD). The remaining field-moist soil sample was passed through an 8-mm screen, air-dried, and then crushed to pass a 2 mm screen. For 2005 and 2007, soil samples were analyzed within the NLAE. Soil pH and electrical conductivity (EC) were measured on a subsample using a 1:1 soil to water ratio (Watson and Brown, 1998; Whitney, 1998a) . Another sub-sample was extracted using Mehlich III (Mehlich, 1984) solution and analyzed using an inductively coupled plasma-atomic emission spectrograph (ICP-AES) to determine phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg) concentrations. A third subsample was extracted with diethylene-triamine-pentaacetic acid (DTPA) as described by Whitney (1998b) and analyzed for extractable copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn). A fourth sub-sample was pulverized before analyzing for total carbon (TC) and total nitrogen (TN) using dry combustion. For samples with pH values greater than 7.3, inorganic C (IC) was also determined (Wagner et al., 1998) . The total organic carbon (TOC) values were then calculated as the difference between TC and IC with the latter being zero for samples with pH < 7.3.
The 2009 samples were submitted to a commercial soil-test. Similar analytical procedures were used for pH, EC, and the micronutrients, but P concentrations were measured using a Bray extract (Bray and Kurtz, 1945) and K, Ca, and Mg concentrations were measured after extracting with 1 M ammonium-acetate (NH 4 OAc) at pH 7.0 (Warncke and Brown, 1998) . The soil-test results for 2005 and 2007 were used to determine P and K fertilizer rates (Table 1) (Sawyer et al., 2006) . All N fertilizer applications were made using anhydrous ammonia (NH 3 ) or urea-ammonium nitrate (UAN) solution as selected by the ISU farm managers.
Soil quality assessment
The soil data were also used as input for the SMAF which provided a soil quality index for each stover harvest strategy based on six indicators. A SMAF assessment consists of three steps: indicator selection, indicator interpretation, and integration into a soil quality index (Andrews et al., 2004) . The indicator selection step uses an expert system of decision rules to recommend indicators for inclusion in the assessment based on the user's stated management goals, location, and current practice. For the indicator interpretation step, observed indicator data are transformed into unitless scores based on clearly defined, site-specific relationships to soil function. The soil functions of interest include crop productivity, nutrient cycling, physical stability, water and solute flow, contaminant filtering and buffering, and biodiversity. The indicator interpretation step uses various factors (i.e. organic matter, texture, climate, slope, region, mineralogy, weathering class, crop, sampling time, and analytical method) to adjust threshold values in the scoring curves that are then used to assign a relative value of 0-1 for each type of data being collected. The integration steps allows for the individual indicator scores to be combined into a single index value. This can be done with equal or differential weighting for the various indicators depending upon the relative importance of the soil functions for which they are being measured . For this study, soil pH, EC, and soil-test P and K were used to represent the chemical properties; SOC was used to represent biological properties; and BD was used to represent soil physical properties.
Stover collection and analysis
During harvest, corn grain was separated by the combine and routed to the grain tank. Stover passed through the combine and into a chopper/blower system that deposited the material into a trailing wagon that was equipped with load-cells. Corn grain was transferred from the combine to a weigh-wagon after harvesting each plot. Weights were recorded for both grain and stover and sub-samples were collected to determine the water content. An electronic moisture meter was used for grain, but for stover, the samples were dried at 70 8C in a forced air oven until they reached a constant weight. Stover samples were ground to pass a 2 mm screen before sub-sampling and grinding again to pass a 0.5 mm screen. Carbon (C) and N concentrations were determined by dry combustion using a Carlo-Erba NA1500 NCS elemental analyzer (Haake Buchler Instruments, Paterson, NJ). A second portion of each finely ground sample was sent to a commercial laboratory where the remaining nutrient concentrations were determined.
A second portion of the 2-mm sample was submitted to the Idaho National Laboratory (INL) where the sugar profile was determined in order to calculate minimum ethanol selling price (MESP) based on stover composition. The 2-mm samples were passed through a knife mill with a 1 mm stainless-steel screen. Chemical composition was determined using spectra created on a Foss 6500 NIR instrument that were then fitted with the National Renewable Energy Laboratory (NREL) corn stover calibration model . The NREL-derived equation: MESP = 0.7155x
À09592 where x = structural sugars was used to calculate MESP .
Nutrient replacement costs were calculated by multiplying nutrient concentrations in the stover by stover yield and fertilizer cost. Statistical analyses were run separately for the continuous corn and rotated site using a General Linear Model (GLM) available with SAS software packages (SAS Institute, 1990).
Results and discussion
Grain and stover yields
Grain and stover yields for each of the treatments are presented in Table 2 . Continuous corn grain yields were statistically different (p 0.05) in 2007, when the non-removal treatment had lower grain yield than either the whole plant or upper-half treatment. For the three years of rotated corn (2005, 2007, and 2009 ), grain yields were significantly different only in 2009 when the non-removal and upper-half treatments had higher yields than ''whole plant'' or ''cob only'' treatments. This inconsistency among stover harvest treatment effects and the generally non-significant grain yield response is consistent with initial multi-location results that showed no detectable short-term yield response to partial stover harvest at several U.S. locations (Karlen et al., 2011) . The most consistent corn grain response was the 21% lower average yield for continuous corn than for rotated corn. This result is consistent with many other studies (e.g. Karlen et al., 1994 Karlen et al., , 2006 . The most unexpected grain yield response occurred at the rotated site in 2006 when soybean yields were lower for all three treatments where corn stover had been harvested in 2005 and especially for the whole plant treatment which had a soybean yield that was 31% lower than for the non-removal treatment. As discussed below, this one-time response was ultimately explained by soil-test data, but one of the most useful outcomes of that experience has been the ability to alert those considering stover harvest to the importance of having good soil-test records and nutrient management information before they initiate any harvest strategy.
As expected, there were statistically significant differences in the amount of stover harvested for the various treatments (Table  2) . When averaged for either the three (rotated corn) or five (continuous corn) years, both rotations showed that Treatment 2 (upper half) accounted for 75% of the collectable material. Harvesting the lower half of the plant (by height) required a second pass across the field and often resulted in plugging of the combine because the material would not flow uniformly into the machine. The two lowest stover yields for Treatment 3 (2007 and 2008) were associated with substantial lodging and therefore a lower cutting height was required to get below the ear shank for Treatment 2 (upper half). Also, during those years, stalk rot significantly reduced the mass of the lower stalk fraction. Finally, because of the low stover quality (discussed below), Treatment 3 was changed to ''cobs only'' in 2009. With regard to the long-term soil carbon balance this harvest management change is not expected to have a detectable impact since the amount of biomass and therefore carbon removal associated with the cob fraction was similar to Treatment 3 during the first two years of this study (Table 2) .
Soil test results
Due to the unexpected soybean yield decrease in 2006, priority was given to analyzing soil samples that had been collected and stored following the 2005 harvest. The soil-test results (Tables 3 and 4) show that Mehlich 3 extractable P and K concentrations at the rotated site were in the low to very low range based on ISU soiltest interpretations (Sawyer et al., 2006) . At the continuous corn site, average P and K levels were slightly higher, but the ratings were still in the low to medium categories. The soil analyses also showed a large difference in TOC between the two fields. However, this was expected since the dominant soil series at the continuous site is Canisteo (fine-loamy, mixed, superactive, calcareous, mesic Typic Endoaquolls) silty clay loam, while at the rotated site it is Clarion (fine-loamy, mixed, superactive, mesic Typic Hapludolls) loam. The higher bulk density values at the rotated site are attributed to the lower TOC content reflecting the landscape position and presumably greater historical soil erosion because of slope differences. The pH analyses also show the anticipated differences between a calcareous and non-calcareous soil but no other trends or notable differences. The EC values are low indicating no salinity or soluble salt problems. Post-harvest soil NO 3 -N levels were typical for central Iowa soils (Jaynes et al., 2001 ). Soil-test P and TOC values following the 2009 harvest were lower than following the 2005 and 2007 harvests, but those differences are attributed primarily to the analyses being run in different laboratories and for P using a different extracting solution. With the exception of soil pH for the 2007 sampling at the continuous corn site, none of the soil-test parameters showed significant differences due to the stover harvest strategies imposed for either three (rotated site) or five (continuous corn) years.
Soil quality assessments
Three separate SMAF analyses were run for each location using average post-harvest soil-test data from 2005, 2007, and 2009 ( Table 5 ). The continuous corn site had a low BD score following the 2005 harvest and a slightly lower score following the 2009 harvest, perhaps because of compaction associated with harvest operations. This was not evident following the 2007 harvest. There was a slight decline in the TOC score between 2005 and 2007 followed by a rather large decline in 2009. This decline could indicate an effect due to less carbon input, but there were no statistical differences in TOC (Table 3) among harvest strategies. It may also reflect the change in laboratories, even though the analytical method (dry combustion) was the same. The K scores increased from 2005 to 2008 (Table 5) , reflecting the increased soil-test values in response to higher K fertilization rates (Table 1) . The overall SQI for this site indicated that the soil was functioning at 90-97% of its inherent potential following five years of stover harvest. The rotated site had much lower indicator scores for TOC and soil-test K for all three samplings and a slightly lower score for soil-test P following the 2009 harvest. The BD score following the 2005 harvest was 10% lower than after the 2007 or 2009 harvest, again presumably reflecting compaction associated with the harvest operation. The overall SQI for the rotated site indicated the soil was functioning at 81-85% of its potential following three stover harvests. The SMAF assessments for both sites were consistent with those reported for other corn stover harvest sites by Karlen et al. (2011) .
Stover nutrient removal
In addition to measuring the quantity of corn stover that could be harvested for each of the treatments (Table 2) , the concentrations of several essential plant nutrients were also measured and used to calculate the increase in nutrient removal compared to harvesting only the grain (Table 6 ). As expected, nutrient removal directly reflected the amount of stover harvested, although plant part did influence the concentrations of nutrients such as K which were higher in the lower half of the plant than in the upper half (data not presented). With regard to feedstock quality for conversion, high K is not desirable and is another reason for leaving the lower portion of the corn plant in the field rather than harvesting it. This also contributed to the decision to convert Treatment 3 to ''cobs only'' in 2009. Overall, average N-P-K removal was increased by 29, 3, and 34 kg ha À1 for continuous corn and 42, 3, and 34 kg ha À1 for rotated corn, respectively, when compared to harvesting only the grain. We also quantified the increases, compared to grain-only harvest, in secondary (Ca, Mg, and S) and micronutrient (Cu, Fe, Mn, and Zn) removal for each of the stover harvest scenarios. As expected, all values were proportional to the amount of material removed as the concentrations among plant fractions were relatively consistent (data not presented).
Fertilizer replacement cost
The increased nutrient removal values were used to help predict the fertilizer costs that might be incurred by implementing the various stover harvest scenarios (Table 7) . Obviously, fertilizer price is a major and ever-changing factor that is closely associated with petroleum and transportation costs. Therefore, the estimated nutrient replacement costs have fluctuated a great deal throughout the five years of study and will continue to do so throughout the future. One of the most revealing results, however, was the consistency in total nutrient replacement cost when computed per unit (i.e. Mg or metric ton) despite the differences in nutrient concentrations for the various plant fractions (data not shown). Having documented the consistent value of $19 AE $1 Mg À1 , it is now more feasible to determine a fair market value for both feedstock producers and consumers than when the Billion Ton Report was released.
Stover quality assessments
In addition to measuring plant nutrient concentrations in the various stover fractions, feedstock quality was evaluated by measuring sugar profiles and using them to calculate a minimum ethanol selling price (MESP). The NIR predictions of compositional chemistry for the harvest scenarios from the first four years indicated differences among plant fractions rotations (Table 8) . Harvest fraction significantly affected the compositional estimates, although yearly environmental differences, plant growth differences between sites and corn hybrid differences were also possible underlying factors influencing the stover composition values. NIR predictions suggest that glucan and xylan, accounted for up to 60% of the chemical composition in the harvested stover, while galactan, arabinan, and mannan accounted for less than 5%. Stover compositional profiles from whole plant and upper half treatments were not significantly different from each other (p < 0.5), but they were distinctly different from the lower half treatment in most cases. For example, the whole plant and upper half harvest fractions from both the continuous and rotated sites had lower estimated glucan but higher galactan and arabinan when compared to the lower half harvest fraction. The continuous corn site had significantly higher xylan and lower lignin in whole plant and upper half harvest scenarios compared to the lower half harvest scenario. However, the rotated site saw no significant difference in xylose, mannan, and lignin.
Another feedstock quality observation occurred in 2008 when harvest for one-third of the plots was delayed for approximately six weeks because of weather and machine scheduling conflicts. The NIR spectra indicated that late-harvest plots were different from the other plots, but statistically the differences were not detectable (data not presented).
Estimating the minimum ethanol selling price (MESP)
The MESP was calculated using the structural sugar data to determine the value of each harvest fraction for ethanol production. Lower MESP values result in more favorable process economics. Calculations for harvest fractions from the continuous corn site show that MESP for the whole plant and upper half fractions were significantly lower in 2007 and 2008 (Table 9 ). The MESP for harvest fractions collected from the rotated site decreased for the whole plant fraction, increased for the bottom half, and increased slightly for the top half. The MESP was the highest for the lower half treatment at both sites. Overall, the whole plant and upper half treatments had the lowest MESP values. In general, stover harvest fractions from the continuous corn site had higher levels of structural sugars and lower MESP than those from the rotated site. These differences may have been caused by soil resource differences since the continuous site is predominantly Canisteo soil located in a relatively flat area, while the rotated site is on Clarion soil located on hilltop and sideslope positions. The Canisteo site would generally be wetter and have less moisture stress than the Clarion site. Differences in structural sugars and MESP between sites and in harvest years could also reflect differences in corn hybrid. Soil and plant factors have both been shown to influence structural sugar composition Sluiter et al., 2003) .
Summary and conclusions
This five-year study documented grain and stover yields, nutrient composition and replacement cost, feedstock quality, soil fertility and soil quality effects of four corn stover harvest strategies. Preliminary results by Hoskinson et al. (2007) were confirmed and two long-term stover harvest research sites were developed. The results show that prior to initiating any harvest strategy producers should have good soil-test and nutrient management records for their harvest sites. This will help them avoid unintended nutrient deficiencies and subsequently lower yields. Practices that will enhance the sustainability of stover harvest include replacement of additional plant nutrients removed with the stover, inclusion of annual or perennial cover crops, use of no-tillage, and crop rotation.
Harvesting corn stover increased the average N-P-K removal by 29, 3 and 34 kg ha À1 for continuous corn and 42, 3, and 34 kg ha
À1
for rotated corn, respectively, when compared to harvesting only the grain. The lower half of the corn plant was shown to contribute very little to the total available feedstock biomass because of its high water content. Continued evaluations at these long-term sites will help address several logistical questions associated with stover harvest, storage and transport because of their physical size and management using commercial scale machinery. 
